The purpose of this study was to investigate the association of autonomic nervous system dysregulation with blood pressure variability. Among the 2370 participants in the X-CELLENT study, 577 patients (59.0±10.2 years) were randomly selected to participate in an ancillary ambulatory blood-pressure monitoring study. We proposed a novel autonomic nervous system regulation index termed dSBP/dHR, which was defined as the steepness of the slope of the relationship between the 24-h systolic blood pressure (SBP) and the heart rate (HR) for each participant. Within-subjects s.d. of SBP, weighted for the time interval between consecutive validated readings from 24-h ambulatory blood pressure monitoring, was used to evaluate blood pressure variability. When dSBP/dHR was divided into tertiles, we observed a progressive increase from tertile 1 to tertile 3 in the daytime SBP, a progressive decrease in nighttime SBP, and consequently a progressive increase in the day-night SBP gradient (Po0.001). The s.d. of both daytime and nighttime SBPs were consistently and significantly increased from tertile 1 to tertile 3 (Po0.01). Both before and after adjustment for age, gender and 24-h mean blood pressure, all of these increasing and decreasing trends reached statistical significance (Po0.01). Furthermore, in our sensitivity analysis, when men and women were considered separately, the findings remained unaltered. In summary, autonomic nervous system dysfunction was associated with a heightened day-night SBP gradient and more variable SBP over 24 h in patients with essential hypertension.
INTRODUCTION
There are several lines of evidence that indicate blood pressure variability (BPV) is a major determinant of cardiovascular (CV) events and mortality in various populations. [1] [2] [3] [4] Furthermore, some investigators have demonstrated that the nighttime BPV, assessed by s.d. of nighttime systolic blood pressure (SBP) using a 24-h ambulatory blood pressure monitor (ABPM), is more strongly associated with target organ damage than is daytime BPV. [5] [6] [7] From a physiological point of view, without the various daytime influences that affect the blood pressure (BP), such as food digestion and physical exercise, the BP is mainly regulated by the autonomic nervous system (ANS) during sleep. Moreover, it has recently been reported that impaired ANS regulation was significantly associated with an increased carotid intima-media thickness. 8 Because both nighttime BPV and ANS dysregulation are significantly associated with target organ damage, it would be interesting to know whether ANS dysregulation could be the cause of the increased BP variation and consequently has an impact on target organ damage. However, data are limited with regard to the association of ANS regulation with BPV. Accordingly, we proposed a novel ANS regulation index that is calculated by conventional 24-h ABPM, and investigated its potential relationship with daytime and nighttime BPV in the X-CELLENT study.
METHODS

Study design
The X-CELLENT study (NatriliX SR vs. CandEsartan and amLodipine in the reduction of systoLic blood prEssure in hyperteNsive patienTs) is a multicenter, multinational, randomized, double-blinded, and placebo-controlled study with four parallel treatment arms (placebo, indapamide, candesartan and amlodipine). In total, 2370 outpatients (aged 40-80 years) with essential hypertension were recruited. The inclusion criteria included 150 mm Hg pSBPo 180 mm Hg and 95 mm Hg p diastolic blood pressure (DBP) o110 mm Hg or 160 mm Hg p SBPo180 mm Hg and DBPo90 mm Hg. The exclusion criteria included a history of coronary artery disease, heart failure, stroke or transient ischemic attack, left ventricular hypertrophy, diabetes mellitus (type 1 or type 2), and renal failure. More details concerning the X-CELLENT study can be found in our previous publications. 9 From the X-CELLENT study population, 577 patients (aged 59.0 ± 10.2 years) were randomly selected to participate in an ancillary ABPM study. Furthermore, because the effects of treatment were withheld from the present analysis, only the baseline data were present. The local Ethics Committee approved the study protocol and written informed consent was obtained from each study participant.
square of the body height in meters. After at least 5 min of rest in the sitting position, BP was measured three times with a validated oscillometric BP monitor (Omron 705CP, Kyoto, Japan), and those readings were averaged for further analysis.
ABPM
The ABPM was performed on 577 participants according to the recommendations of the European Society of Hypertension. 10 The frequency of ABPM capture was every 15 min over the entire 24 h. Patients' wakeful and sleeping time were self-reported and recorded for further calculation. The daytime and nighttime were defined as the time from waking until sleep and from sleep until waking, respectively, for each participant.
To minimize the effects of recording errors during the 24-h ABPM, we used the within-subject mean and s.d., weighted for the time interval between consecutive validated readings, to evaluate the mean BP level and variability. Considering the nighttime dipping effect, the mean and s.d. were calculated for the awake and sleeping periods, as daytime mean and s.d. and nighttime mean and s.d., respectively.
We also examined the relationship between SBP (y-axis) and heart rate (HR) (x-axis) on the basis of the 24-h SBP-HR correlation plots for each participant. Then, the steepness of the slope of the relationship between SBP and HR was calculated as dSBP/dHR, an ambulatory index representing the change in SBP per 1-unit change in HR (mm Hg per beat min À1 ). For example, as shown in Figure 1 , with a 10 beat min À1 increase in HR, patient B is expected to have an increase in SBP of 7.5 mm Hg, whereas patient A would have an increase of 13.1 mm Hg.
The day-night SBP gradient was defined as the difference in SBP between day and night.
Statistical analysis
Quantitative and qualitative parameters are presented as the mean±s.d. and numbers with percentages in parentheses, respectively. Individual correlation plots were performed by a simple linear regression between 24-h SBP and HR. Next, the dSBP/dHR term was defined as the steepness of the slope of the relationship between SBP and HR in each participant. We applied the ANOVA and chi-square tests to compare quantitative and qualitative variables, respectively, between subjects in different groups classified by tertiles of dSBP/dHR. Similar analyses were performed to compare the mean SBP, SBP s.d. and daynight SBP gradient, and their trends were tested in a linear model after adjustment for age, gender and 24-h mean BP, which were all significantly associated with the dSBP/dHR in the univariate analysis. Sensitivity analyses were conducted in men and women separately. The statistical analysis was performed using SAS software, version 9.1 (SAS Institute, Cary, NC, USA). Po0.05 was considered statistically significant. Table 1 shows the characteristics of the participants classified into tertiles by dSBP/dHR. There was no significant association of the dSBP/dHR with the participants' baseline characteristics, with the exception of male gender and 24-h BP. Specifically, the proportion of men increased significantly (P¼0.02), with 46.6, 44.0 and 57.4% in tertiles 1, 2 and 3 of dSBP/dHR, respectively, and the increasing trend of 24-h mean SBP was marginally significant from tertile 1 to tertile 3 of dSBP/dHR (P¼0.05), with 141.4±13.3, 139.6±11.8 and 142.7 ± 13.1 mm Hg in tertiles 1, 2 and 3 of dSBP/dHR, respectively.
RESULTS
Characteristics of participants
Association of autonomic dysregulation with the nocturnal BP dipping pattern
The nocturnal BP dipping pattern and its association with dSBP/dHR were also investigated. The proportions of Risers (the nighttime SBP is greater than daytime SBP), Non-dippers (the nighttime SBP decreases between 0 and 10% compared with daytime SBP), Dippers (the nighttime SBP decreases between 10 and 20%) and Extreme-dippers (the nighttime SBP decreases more than 20%) were 10.4, 34.0, 47.0 and 8.6%, respectively. The incidence of Riser and Non-dipper decreased, whereas the incidence of Dipper and Extreme-dipper increased progressively and significantly from tertile 1 to tertile 3 (Po0.001, Table 2 ).
Association of autonomic dysregulation with BP and BP variability As shown in Table 2 , when the dSBP/dHR was used to divide the subjects into tertiles, we observed a progressive increase in the daytime SBP, a progressive decrease in the nighttime SBP, and consequently, a progressive increase in the day-night SBP gradient, from tertile 1 to tertile 3 (Po0.001). Moreover, the daytime and nighttime SBP s.d. were consistently and significantly increased from tertile 1 to tertile 3 (Po0.01). Both before and after adjustment for age, gender and 24-h mean SBP, all of these increasing or decreasing trends reached statistical significance (Po0.01). These findings were confirmed in our sensitivity analyses of men and women, separately (Figures 2 and 3) .
Furthermore, the steepness of the slope between 24-h DBP and HR, termed dDBP/dHR, was calculated with the same algorithm as the dSBP/dHR. When the dDBP/dHR was divided into tertiles, with values of 0.015-0.428 mm Hg per beat min À1 for tertile 1, 0.429-0.650 mm Hg per beat min À1 for tertile 2 and 0.651-1.914 mm Hg per beat min À1 for tertile 3, the results were similar to those observed with Figure 1 The definition of dSBP/dHR. Correlation plots between SBP and HR from the 24-h ambulatory blood pressure monitor are presented for patients A and B. The dSBP/dHR indicates the steepness of the slope of the relationship between the 24-h SBP (y-axis) and the HR (x-axis) for each subject. For example, for a 10 beat min À1 change in HR, the SBP increased by 7.5 mm Hg in patient A and by 13.1 mm Hg in patient B.
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DISCUSSION
The main findings of the present study are twofold. First, ANS dysregulation, as evaluated with a novel index termed the dSBP/ dHR derived from 24-h ABPM, was significantly associated with an increase in the daytime SBP, a decrease in the nighttime SBP, and therefore an increase in the day-night SBP gradient. Second, ANS regulation was also significantly associated with increased daytime and nighttime BPVs when evaluated by the s.d. of daytime and nighttime SBP. The sensitivity analysis confirmed these two findings in men and women, separately. Based on readings of 24-h ABPM, we proposed a novel ambulatory index that represents the amplitude of change in SBP per 1-unit change in HR. This means that for a given change in HR, subjects with a higher dSBP/dHR are expected to have a greater modification in SBP than subjects with a lower dSBP/dHR. Similarly, Coats et al. 11 proposed another index calculated as the slope of the relationship between the R-R interval (y-axis) and the SBP (x-axis), and reported that it was inversely correlated with the baroreflex sensitivity as evaluated with the phenylephrine method (r¼À0.55, Po0.001). A more complicated methodology involving spectral analysis of the R-R interval and the SBP variability was employed by Lucini et al. to investigate the impaired ANS regulation in hypertensive patients. 12, 13 Compared with those parameters, our dSBP/dHR is the simplest index and is conveniently derived from 24-h ABPM, thereby rendering it more pragmatic for clinical practice.
In the literature, the relationship between HR and BP has been studied on conscious rats before and after spinal cord transaction 14 as a model in which the SBP-HR relationship indicates the autonomic nervous function. From a physiological point of view, the existing SBP-HR relationship could reflect not only the baroreflex sensitivity, but also sympathetic and parasympathetic cardiac control and vasomotor modulation. Therefore, the dSBP/dHR from the 24-h ABPM could be considered to be a robust yet practical index that represents the magnitude of CV ANS regulation. Moreover, we also found that the dDBP/dHR, another ANS regulation index derived with a similar algorithm, was also positively and significantly associated with BP and variability in the present study. This finding confirmed that ANS dysregulation, whether assessed by changes in the SBP or the DBP per unit change in HR, had a significant influence on BP and its variability. Furthermore, Eguchi et al. 15 reported that some ANS regulation indices, such as the nighttime HR variability and the HR-SBP relationship from 24-h ABPM, could significantly predict CV events in diabetic patients.
In this study, when the dSBP/dHR was divided into 3 tertiles, the subjects with the highest dSBP/dHR (tertile 3) also had the highest daytime SBP, the lowest nighttime SBP, and the largest daynight SBP gradient. From a pathophysiological viewpoint, this finding may be attributable to overactive sympathetic control (in the daytime) and overactive vagal control (in the nighttime) of the cardiac and vascular regulation system. Furthermore, subjects with higher dSBP/dHR values are prone to have a more variable SBP in both the daytime and the nighttime, indicating that the ANS dysregulation also contributes to the increased daytime and nighttime BPV. Ichihara et al. 16 reported a positive relationship between the BPV and arterial stiffness as assessed by pulse wave velocity in patients with hypertension, whereas in this study, we indicated that the BPV was also significantly associated with ANS dysregulation in both men and women. Further studies are warranted to elucidate whether arterial stiffening and ANS dysregulation synergistically or separately influence the arterial BPV. Moreover, in a meta-analysis, Webb et al. 17 summarized that calcium channel blockers and non-loop diuretics could effectively reduce the BPV in hypertensive patients. However, whether the effectiveness of these two agents on the BPV Blood pressure variability and autonomic regulation Y Zhang et al control is due to arterial de-stiffening or to a re-balancing of the sympathetic and vagal CV regulation remains unknown. The underlying mechanisms need to be revealed by further fundamental studies. It is counterintuitive that the dipper pattern (an increase in the day-night SBP gradient) is normally considered to a healthy regulation of BP, whereas increased beat-to-beat BPV always indicates an unhealthy BP regulation. This is a paradox, because the lowering of BP is often associated with an increase in BPV. For example, in this study, we found that the dSBP/dHR index of ANS regulation was associated with an increased BP and variability (Po0.001), but also with an increased incidence of the dipper pattern (Po0.001). Theoretically, the dipper pattern is defined by a presumption that the nighttime SBP should decrease 10-20% due to dominant vagal CV control at night, which suggests that this index is more sensitive to nighttime ANS regulation. In contrast, the dSBP/dHR is defined as the slope of regression plots of the 24-h BP recordings, which reflect 24-h BP regulation that includes not only the dominant nighttime vagal control but also the dominant daytime sympathetic control. This also helps to explain the observation that when both daytime and nighttime SBP are taken into account, the incidence of the extremedipper pattern is positively and significantly associated with the dSBP/ dHR (Po0.001).
Our findings should be interpreted within the context of their limitations. First, the major limitation of this study is the lack of a validation test of the dSBP/dHR in assessing ANS regulation to compare it with other classical indices, such as the HR variability, the ratio between the R-R interval and SBP (baroreflex sensitivity), or serum catecholamine levels. However, the aim of this study is not to validate another index reflecting ANS regulation in a hemodynamic laboratory, but to propose a novel index that can be conveniently derived from a 24-h ABPM recording and is associated with daytime and nighttime BP variabilities, as well as with the BP itself. Our sensitivity analysis, conducted in men and women separately, also confirmed these finding. Further study is still warranted to test the accuracy of this index in reflecting ANS regulation. Second, because this is a cross-sectional study, we are not able to distinguish the cause and consequence of any two related factors; however, as an ongoing prospective clinical trial, future data would provide valuable information in this respect.
In summary, we found that ANS dysregulation as evaluated by a simple ambulatory index derived from a 24-h ABPM was significantly associated with an increased daytime SBP, a decreased nighttime SBP, and a consequently increased day-night SBP gradient, as well as with a more variable SBP in both the daytime and the nighttime in hypertensive patients.
